B ack pain affects nearly 80% of people at one point in their lives and between 15% and 20% of people in any given year. 22 Since one of the most important functions of the spine is providing a mobile "backbone" for controlled motion, documenting abnormal motion may help in the diagnosis of back pain.
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Abnormal intervertebral motion (IVM) cannot be identified unless normal motion is well defined, and numerous studies have attempted to quantify normal lumbar IVM. 1, 7, 9, 10, 13, 17, 21, 24, 28, 32 In the context of IVM measurements from flexion-extension radiographs, stability can be defined as motion within the range found in radiographically normal and asymptomatic volunteers. Instability can be defined as motion outside of this normal range. Flexionextension radiography has been the most common modality for IVM and spinal stability assessments. Traditionally, both flexion and extension radiographs have been collected with patients or volunteers in a range of positions and have been analyzed by manually drawing and measuring lines on the images to assess for instability. The functional abbreviatioNS COR = center of rotation; IVM = intervertebral motion; QMA = Quantitative Motion Analysis; TPDR = translation per degree of rotation. Submitted September 7, 2014 . accepted March 25, 2015 . Sagittal plane lumbar intervertebral motion during seated flexion-extension radiographs of 658 asymptomatic nondegenerated levels range of motion of the entire lumbar spine during typical activities of daily living has been reported to be between 3° and 49° in flexion and extension. 6 For purposes of establishing a disability rating, the loss of motion segment integrity has been defined as translational IVM > 4.5 mm or rotational (flexion-extension) IVM > 15° at L1-2, L2-3, and L3-4; > 20° at L4-5; or > 25° at L5-S1. 25 The level of evidence that supports these guidelines might be considered suboptimal. Numerous other studies have attempted to define normal range of motion in the lumbar spine. The heterogeneity in study designs as well as limited reproducibility and accuracy has led to a wide degree of variability in results and an uncertain definition of "normal" motion in the lumbar spine (Table 1 ). In addition to the measurement technique, patient effort and positioning in flexion and extension are also important. Miyasaka et al. have reported that the segmental, flexion-to-extension range of IVM varied from 0° to 24° and was significantly greater when maximal effort was given to flexing and extending the spine.
24 Several investigators have recommended flexion and extension images from the seated position, but there are limited data available to aid in interpreting IVM from seated flexionextension studies. 8, 15 Computer-assisted methods are now available to significantly decrease measurement error and provide a much higher level of measurement accuracy. The accuracy of computerized systems has ranged from 0.4° to 2.8° for rotation and 0.5-1.5 mm for translations. 12, 18, 36 Zhao et al. noted that intervertebral sagittal rotation measurements (flexion and extension) by surgeons were significantly more variable and less accurate than those from computerized software. 36 In addition to the quantity of IVM, the quality of motion may be important. The center of rotation (COR) is an often-cited measurement relating to overall spinal kinematics. According to Benzel, when a bending moment is applied to a rigid object in space, it causes rotation about an axis. 5 In the spine this axis is referred to as the "center of rotation" and constitutes the position about which lumbar back muscles exert their moment during flexion, extension, and torsion. 16 It can be calculated by finding the point of intersection of perpendicular bisectors of 2 points on a moving vertebral body. 16 The COR can be used as an objective measure of dynamic spinal alignment, and past reports have shown that the centrode pattern of the COR, in fact, changes in the setting of instability.
14 In addition to the COR, the amount of translation per degree of rotation (TPDR) has been proposed as a simple quality of motion metric. 33 The purpose of this project was to update and improve the data on normal sagittal plane IVM, COR, and TPDR using previously validated computer-assisted methods as well as a flexion-extension method that provokes adequate motion at each level in the lumbar spine. Avg = average; UL = upper limit. * Not all publications reported an upper limit for rotation. If the publication provided the standard deviation, the UL was calculated as the mean value ± 1.96 × standard deviation. Several of the studies reported motion either in increments of global motion or separately as the amount of flexion and the amount of extension. In those cases, the reported data were used to estimate rotation from the maximally flexed to maximally extended position. The standard deviation used to calculate the UL in those cases was the largest reported for the level. Values are expressed in degrees, unless indicated otherwise.
methods demographics
One hundred sixty-two subjects (78 males, 84 females) were recruited for this institutional review board-approved research study. Subjects were included if they were skeletally mature with no history of a spinal disorder, spinal surgery, or back pain or related symptoms that required a visit to a physician. The mean age of participants was 42.2 years (range 18-82 years). Seventy-six volunteers were younger than 40 years of age. Sixty-three participants were between 40 and 60 years old. Twenty-three subjects were older than 63 years.
Flexion-extension radiographs
All flexion-extension images were taken with the volunteer in the seated position on a stable, low-back, 4-legged chair (Fig. 1) . The seated position was chosen based on recommendations in the literature, 8, 15 its use in multiple other studies, 2, 11, 34 and clinical experience with low-back pain patients unable to flex and extend the spine from a standing position because of pain or apprehension. A specialized cushion (Infab Corp.) was placed behind the volunteer. This cushion was used since preliminary studies without it revealed that when persons sit with their back pressed into the 90° angle between the seat and chair back, there is little or even paradoxical motion between L-1 and S-1. With the cushion, participants were prevented from sitting so far back in the chair, limiting the presence of paradoxical motion. The subjects were coached on how to maximally flex and extend their back prior to imaging. Maximal flexion radiographs were obtained with the volunteer flexed forward and grabbing the front legs of the chair as close to the ground as possible. The maximum extension radiographs were taken with the volunteer extended backward over the cushion. No neutral radiographs were obtained to minimize radiation exposure. The repeatability of the flexion-extension positioning was not tested to minimize radiation exposure.
To facilitate the accurate measurement of the vertebral body dimensions and translations, we embedded a steel ring with an inner diameter of 25.5 mm and an outer diameter of 34.7 mm into the cushion placed behind the volunteer. The ring was positioned so it would be in the midsagittal plane of the volunteer and close to the volunteer's back. A ring was used because its central diameter could always be discerned, regardless of the orientation of the radiograph or the degree of exposure. The known dimensions of the ring were then used to determine the scale factor of each radiograph.
image analysis
The radiographic images were subsequently uploaded to the Quantitative Motion Analysis (QMA) software (Medical Metrics Inc.), a computer-assisted tracking software that matches radiographic patterns of specific vertebrae between flexion and extension. The software utilizes variations in vertebrae size, shape, and density to appropriately register the flexion and extension images. The software allows identification of a specific vertebral pattern in 1 radiograph and searches for the same pattern on the other radiograph. 18 Once all vertebral bodies are spatially registered between the 2 images, it is possible to examine the IVM at each specific level using mathematical transformation matrices. The accuracy has been documented to be 0.47° ± 0.24° in rotation and 0.54 ± 0.34 mm in translation. 36 Each set of radiographs was individually tracked and analyzed by trained analysts. The process was overseen by an imaging and software expert with more than 20 years of experience.
Three primary variables were measured from the flexion-extension images: translation motion-the displacement of the posterior inferior corner of the superior vertebra in the direction defined by the superior endplate of the inferior vertebra (Fig. 2) ; sagittal rotation-the angular change that occurs with flexion and extension; and location of the COR. Translation and rotation were measured as depicted in Fig. 3 . The coordinates of the COR were only calculated when intervertebral rotation was 3° or greater since preliminary reliability studies indicated that the COR cannot be reliably calculated when there is minimal rotation. In addition, it may not be logical to expect the COR to be in a reliable position when the spine is in the neutral zone. 30 A rotation less than 3° is well below the normal flexion-extension neutral zone in the lumbar spine. 26 The TPDR was calculated from the rotation and translation measurements (Fig. 2) . The TPDR would also not be expected to be reliable until the restraints to IVM were exerting control of the motion, and it was only calculated when rotation was greater than 3°. In addition, each vertebral level was graded for degeneration using the Kellgren-Lawrence scale. 20 A single physician graded each level from 1 to 4 based on the degree of anterior/posterior osteophytes, endplate sclerosis, and disc space narrowing. Scores of 0 and 1, signifying "no" or "doubtful" degeneration, were grouped together. Levels scored as 2 or above in any category were judged likely to be degenerated and thus were excluded from the remainder of the analysis. Data were analyzed by descriptive statistics and by using ANOVA to identify any significant differences between levels and other variables (Stata version 13, StataCorp LP). The descriptive statistics included the 95% upper and lower limits calculated as the mean ± 1.96 × standard deviation. The most conservative approach to data analysis would be to exclude all data for the volunteer if any level in the spine was degenerated. For this reason, descriptive statistics were calculated both including all levels that were not degenerated and including levels only if there was no degenerated level in the spine. Readers can choose the approach and data most appropriate for their application. A p value ≤ 0.05 was considered significant.
results
One set of radiographs from the 162 volunteers was extremely low quality and thus was excluded from the remaining analysis. Two additional L5-S1 levels could not be analyzed due to inadequate radiographic exposure. Of the 803 intervertebral levels analyzed using the QMA software, each was graded according to the Kellgren-Lawrence scale as described above (Table 2 ). Some level of degeneration was seen at 145 of the 803 levels, with L5-S1 being the most frequently affected. Excluding the degenerative levels, 658 nondegenerative lumbar levels were available for analysis. In 94 spines, there was no degenerated level. In 1 of those spines, the L5-S1 level could not be analyzed because of inadequate radiographic exposure.
intervertebral rotation, translation, and tpdr
A multivariate ANOVA/ANCOVA test was done to analyze the effects of sex, age, global rotation, and intervertebral level on the amount of intervertebral rotation. Neither sex (p = 0.57) nor age (p = 0.24) was significant. Global rotation (L-1 to S-1) and intervertebral level were highly significant (p < 0.0001). Based on a similar test with intervertebral translation as the dependent variable, sex was not significant (p = 0.84), whereas age (p = 0.0009), global rotation (p < 0.0001), and level (p < 0.0001) were. Further analysis by level revealed that only at L5-S1 was patient age significant, with the middle-age group (40-60 years) having greater translation on average than the younger (age < 40 years) or older (age > 60 years) groups. Since, with the one exception, the statistics supported pooling of the data (appreciating that variability in global rotation adds to variability in rotations and translations), it was decided to report only average values at each level and not separately report results for each sex and age group. According to multivariate ANOVA/ANCOVA to test the effects of sex, age, global rotation, and intervertebral level on TPDR, only intervertebral level was significant (p < 0.0001). Sex (p = 0.42), age group (p = 0.09), and global rotation (L1-S1; p = 0.41) were not significant. As expected, the TPDR ratio eliminated the dependence on global rotation. In this group of volunteers, excluding the degenerated levels, the overall mean intervertebral rotation for all levels was 12.75°: 11.02° degrees at L1-2; 12.38° at L2-3; 13.02° at L3-4; 14.45° at L4-5; and 12.72° at L5-S1 (Table 3) . The upper limit of normal for each level ranged from 16.3° to 23.4°. The translation at each lumbar level is provided in Table 4 . Overall, in this cohort of 658 asymptomatic lumbar levels, 8 levels (1.22%) had greater than 4.5 mm of intervertebral translation, in all cases at the L3-4 or L4-5 level. The TPDR was calculated after first normalizing the translation to the anteroposterior endplate width. Overall, there was approximately 0.49% of TPDR at any given vertebral level. There was only 0.18% of translation at L5-S1 with each degree of rotation as compared with an average of 0.55% of translation at each of the other levels. The upper limit of the 95% CI was approximately 0.8 (% endplate width/degree of rotation), although it varied significantly by level.
center of rotation
The COR was calculated using the QMA system for each intervertebral level in each of the 658 nondegenerative levels. The COR calculations were reported only if the intervertebral rotation was > 3°. The COR was reported as an anteroposterior (horizontal plane) and craniocaudal (vertical plane) coordinate. These coordinates were calculated with respect to an axis system affixed to the superior endplate of the inferior vertebra, with the origin at the middle of the endplate. The COR data for the nondegenerative levels appear in Tables 5 and 6. Note that a positive value for the craniocaudal COR coordinate means that the COR was caudal to the superior endplate of the inferior vertebra. Figure 4 shows the COR for the 95% confidence intervals for the nondegenerated levels overlayed on a 3D reconstruction of a typical spine.
discussion
The extent of IVM has been measured in many past studies, each with somewhat different techniques and varying degrees of accuracy and thus with varied results (Table 1 ). The present analysis of flexion-extension radiographs from 161 asymptomatic volunteers, encompassing 658 nondegenerated levels, is one of the largest in the literature.
To truly assess IVM, it is imperative that the subject's effort in flexing and extending their spine is maximized. Just as the true length and integrity of a rope cannot be determined unless it is stretched out and then measured under at least modest tension, the true amount of motion that can be achieved between vertebrae cannot be determined unless the supporting ligaments and disc are tensioned. The criteria for sufficient patient effort in flexionextension radiographs are not well defined in the scientific literature. Panjabi et al. have hypothesized that the aver- To ensure that motion is outside the neutral zone, rotation would need to be at least 6° at each level. Allowing for some measurement error, a practical patient-effort criterion might be at least 7° of intervertebral rotation at 2 or more levels-at least for a limited assessment. Of the 161 volunteers in the current study, only 4 (2.5%) did not meet the criterion of having at least 7° of intervertebral rotation at 2 or more levels. This finding suggests that the seated technique can provoke sufficient IVM to allow documentation of the range of motion from a flexion-extension study of the lumbar spine. This simple criterion could be used even if some levels have been fused. However, it is important to appreciate that a sufficiently motivated patient may have access to more motion in their spine than is apparent from flexion-extension radiographs.
The amount of IVM measured at each level in the spine in the present study was within the range reported in multiple other studies (Table 1) . This consistency with prior data suggests that the seated flexion-extension method used in our study did not create abnormal motion. Our intent in applying the seated technique was to use a method that could be easily reproduced in clinical practice and was easy for most patients to tolerate. Burkus and the members of a study group recommended flexion-extension studies with patients in the seated position since that position restricts pelvic and hip motion, enabling the technician to obtain consistent radiographic quality that demonstrates subtle changes. 8 The seated technique, including the use of a cushion behind the patient's back, has also been used in upright MRI studies.
2 Bending over and leaning back- ward from a seated position are also common activities of daily living, so the flexion-extension data have practical relevance. Results in the current study indicated that the seated flexion-extension method can reliably generate enough motion at each level to ensure both that the motion is at least outside the neutral zone and that at least some of the restraints to IVM (for example, annulus, anterior and posterior longitudinal ligaments, and so forth) are being tensioned. We hypothesize that unless the flexion-extension test stresses the restraints to IVM, it is not reasonable to expect abnormalities in the restraints to be reliably detected. If the purpose of the flexion-extension test is to identify abnormal motion, it is important for the test to provoke abnormal motion if it can occur. It is known that at least in the cervical spine, even extensive damage to IVM restraints will not be detected unless there is at least a moderate amount of overall motion through the spine. 19 The radiation exposure and the cost of flexion-extension radiographs may not be justifiable unless the test provokes abnormal motion if, in fact, abnormal motion can occur in the spine.
Many prior studies have suggested guidelines for defining normal intervertebral translation. 4, 7, 25 In this study the majority of subjects had less than 4.5 mm of translation at any level. Eight asymptomatic nondegenerated levels from the studied cohort translated more than 4.5 mm. The lack of symptomatology implies clinical stability at these high translation levels. It appears that the degree of translation should not be used as a sole marker of instability. It is also of interest that translation at L5-S1 was markedly less than at the other lumbar levels.
Neither intervertebral rotation nor translation alone may be sufficient to provide evidence for or against spinal instability. However, the combination of intervertebral rotation and translation might provide a potential variable for assessing clinical instability. 12, 33 Findings outside of these reported normal levels could imply evidence of instability in a symptomatic patient. More studies are needed to look at this variable in populations with symptomatic and asymptomatic degenerative spines.
In the literature and in disability assessments, a frequently cited criterion of a specific IVM threshold has been used to identify an unstable spine.
3,4 Our data suggest that existing instability criteria could lead to a substantial number of false-positive diagnoses. If one applies the guideline that motion is impaired when > 15° at L1-2, L2-3, or L3-L4; > 20° at L4-5; or > 25° at L5-S1, 3,4,25 then 10.61% of asymptomatic volunteers with radiographically normal discs would be classified as impaired at L1-2, 16.3% at L2-3, 22.30% at L3-4, 4.20% at L4-5, and 0% at L5-S1. Our data agree with more recent data regarding the degree of IVM. 24 The COR has been repeatedly discussed as a potential tool to evaluate spinal instability. In the present study the COR was based on the end range of motion, and the instantaneous axis of rotation that would exist at any point during the flexion-extension cycle might not be the same. In addition, the COR has been discussed in regards to its role in degeneration. Work by Rousseau et al. showed that forces exerted on the facet joints increased with variable positions of the COR. 29 We know that after surgical procedures, as well as with idiopathic degeneration, the COR changes. 16 In both cases, changes in the COR set up a perpetual cycle of further stress and degeneration. This study has provided new normal baselines for the COR in the nondegenerative spine. A follow-up study on the degenerative levels excluded from the present study is currently under way. Comparison of the asymptomatic degenerative and nondegenerative COR could demonstrate the clinical importance of this variable. Unfortunately, measuring the COR still requires sophisticated analysis, and thus its practical application remains limited at this time.
The ratio of TPDR has been previously proposed as a metric for spinal instability. 33 The use of this metric can be rationalized by the hypothesis that the primary goal of motion in the spine is to facilitate positioning of the body through rotation between vertebrae. There is no logical reason why translation between vertebrae would be a primary goal of the body's motion control system. Rather, it is likely that the intervertebral translation observed in the normal spines is the minimum amount required to achieve the desired intervertebral rotation. With damage or degeneration of the motion constraints, the amount of translation for a given amount of rotation will increase. Past the neutral zone, translation increases with the magnitude of rotation. 31 Both rotation and translation will depend on the effort exerted by the patient in flexing and extending the spine. However, the ratio between translation and rotation may be less dependent on patient effort, as observed in the motion data in the cohort studied.
This study is limited by its lack of complete volunteer medical histories. Although the inclusion criteria ruled out any volunteers with histories of back or radicular pain, there was no screening for previous trauma or other potential confounding histories. In addition, height and weight were not recorded for the volunteers, so it was not possible to determine if these variables or body mass index significantly affected IVM.
conclusions
Given the findings of this study, new normal baseline values are suggested for intervertebral rotation, translation, TPDR, and position of the COR in radiographically and clinically normal lumbar spine levels. Comparison of these measures in this asymptomatic nondegenerative population with those in both asymptomatic and symptomatic degenerative cohorts would reveal the true clinical applicability of these variables. 
